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SUMMARY: One of the most important parameters in ionospheric plasma re-
search also having a wide practical application in wireless satellite telecommunica-
tions is the total electron content (TEC) representing the columnal electron number
density. The F-region with high electron density provides the biggest contribution
to TEC while the relatively weakly ionized plasma of the D-region (60 km - 90 km
above Earths surface) is often considered as a negligible cause of satellite signal
disturbances. However, sudden intensive ionization processes like those induced by
solar X-ray flares can cause relative increases of electron density that are signif-
icantly larger in the D-region than in regions at higher altitudes. Therefore, one
cannot exclude a priori the D-region from investigations of ionospheric influences on
propagation of electromagnetic signals emitted by satellites. We discuss here this
problem which has not been sufficiently treated in literature so far. The obtained
results are based on data collected from the D-region monitoring by very low fre-
quency radio waves and on vertical TEC calculations from the Global Navigation
Satellite System (GNSS) signal analyses, and they show noticeable variations in the
D-region’s electron content (TECD) during activity of a solar X-ray flare (it rises by
a factor of 136 in the considered case) when TECD contribution to TEC can reach
several percent and which cannot be neglected in practical applications like global
positioning procedures by satellites.
Key words. solar-terrestrial relations – Sun: activity – Sun: flares – Sun: X-rays,
gamma rays.
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1. INTRODUCTION
The terrestrial ionosphere is used for detec-
tion and investigations of different effects produced
by numerous phenomena in outer space and different
Earth layers. The research in this field includes scien-
tific analyses of various phenomena in the ionosphere
as e.g. lightnings (Inan et al. 2010), tectonic mo-
tions (Astafyeva and Afraimovich 2006, Dautermann
et al. 2009), the sunrise and sunset (Afraimovich
et al. 2009, Nina and Cˇadezˇ 2013), solar eclipses
(Singh et al. 2011, Maurya et al. 2014, Verhulst
et al. 2016), γ ray burst (Inan et al. 2007, Nina
et al. 2015a), solar activity (Kolarski et al. 2011,
Nina et al. 2011, 2012a,b, Schmitter 2013, Sˇulic´
and Srec´kovic´ 2014, Satori et al. 2016), nuclear
explosions (Madden and Thompson 1965, Yang et
al. 2012, Zhang and Tang 2015) as well as iono-
spheric harmonic and quasi-harmonic hydrodynamic
motions (Jilani et al. 2013, Nina and Cˇadezˇ 2013).
However, the ionosphere has also a very important
role in practical applications, primarily in telecom-
munications (Bajcˇetic et al. 2015, Alizadeh et al.
2015).
The total electron content (TEC) is one of the
most important parameters that describes the iono-
spheric state and structure and provides an overall
reflection of ionization processes. It is the column
electron number density defined as the number of
free electrons in a column of unit cross section ex-
tending from the ground to the top of the ionosphere.
In addition to scientific research (see, for example,
Afraimovich et al. 2009) TEC is used in calculations
needed for practical applications in telecommunica-
tion (for example in systems which use transiono-
spheric radio waves, Hofmann-Wellenhof et al. 2001)
and in global navigation satellite systems (GNSS,
Jakowski et al. 2005). Keeping in mind that radio
communications, positioning, navigation and timing
by GNSS signals play a critical role in telecommu-
nications, geodesy and land surveying, emergency
response, precision agriculture, all forms of trans-
portation (space stations, aviation, maritime, rail,
road and mass transit) the studies of relevant sig-
nal propagations and consequently TEC is of great
importance at the present time.
TECmeasurements are made mostly using the
GNSS data because of a good global coverage of the
GNSS observation network (Shim 2009). However,
TEC can be calculated from electron densities ob-
tained by different methods depending on altitude.
For the low-altitude ionospheric monitoring they are
based on radio propagations, and rocket and radar
measurements (see Grubor et al. 2005, Strelnikova
and Rapp 2010, Nina et al. 2011, Chau et al. 2014,
Kolarski and Grubor 2014) while the upper iono-
spheric monitoring is based on ionosonde and satel-
lite measurements (see Stankov et al. 2011).
The most important contribution to TEC dur-
ing standard unperturbed conditions is the iono-
spheric F-region while the contribution from the low-
est ionospheric altitudes can be neglected. However,
variations in perturbation’s intensity can cause sig-
nificant changes of physical properties of the iono-
sphere affecting plasma parameters, Schuman reso-
nance, propagation of radio signals in a wide range
of frequency bandwidths (ULF, SLF, ELF, VLF, LF,
HF), etc. which is treated in literature (Kulak et al.
2003, Satori et al. 2005, 2016, Eccles et al. 2005,
Williams and Satori 2007, Nina et al. 2015.) As in-
vestigations indicate, intensity of perturbations can
be strongly dependent on location which, as a result,
may change the contribution of a particular layer
of the ionosphere to the total TEC. A phenomenon
which may require a modification of the calculation
procedures applicable in the case of unperturbed con-
ditions is a solar X-ray flare. Namely, the relative in-
crease of radiation following such an event is of more
intensive influence in the lower than in the upper
ionosphere in daytime conditions. This is concluded
in numerous investigations showing that not too in-
tensive X-ray flares produced practically no changes
to TEC (described primarily by the F-region plasma)
while, at the same time, the electron density increase
in the D-region altitude can be raised by more than
one order of magnitude (Nina et al. 2012a,b, Singh
et al. 2014). Also, during a very intensive increase of
X radiation the height of the electron density max-
imum can be lowered to the E-region (Xiong et al.
2011).
The main aim of this study is to examine
whether the total electron content in the D-region
(TECD) i.e. the column electron number density of
the D-region may have a contribution to TEC that
can no more be ignored in calculations if the iono-
sphere gets perturbed by solar X-ray flares. We are
focused on analyses of variations in the D-region elec-
tron content and its contribution to the total TEC
during a solar X-ray flare. Here, we point out that
the presented study is related to the daytime iono-
sphere when the influence of a solar X-ray flare is
observable. During nighttime conditions there are
no visible signal reactions to flare events.
Our research has two parts. First, we study
the time evolution of TECD and its contribution
to TEC for a particular event. Keeping in mind
that X-ray flares induce similar ionospheric changes
in space and time, and that the goal of this study
is to present a procedure for relevant calculations,
we consider one typical representative flare of class
C8.8 which appeared on May 5th, 2010 and was
detected by the GOES-14 satellite. To monitor
the D-region and to compute TECD we use a tech-
nique based on the VLF/LF signal propagation rel-
evant to this region. We analyse the DHO VLF
signal emitted in Germany and received in Ser-
bia while TEC data are taken from the website
http://www.bath.ac.uk/elec-eng/invert/iono/rti.html.
The second part of this paper contains a statistical
analysis of the dependence of TECD on this class of
solar X-ray flares e.i. on their maximum intensity.
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2. EXPERIMENTAL SETUP AND
OBSERVATIONAL DATA
Calculations are here based on data collected
by three experimental setups for monitoring the solar
X-ray radiation and ionosphere.
First, the considered time period is
chosen using data for photon flux recorded
by the National Oceanic and Atmospheric
Administration (NOAA) satellite GOES-14
(http://satdat.ngdc.noaa.gov/sem/goes/data/new_full/2010/05/goes14/csv/g14_xrs_2s_20100505_20100505.csv).
Here, our detailed research of changes in the contri-
bution of the D-region to vertical TEC was directed
to ionospheric perturbations induced by the solar
X-ray flare between 11:37 UT and 11:58 UT, May
5, 2010 (Nina and Cˇadezˇ 2014, Nina et al. 2015b)
recorded as increase of solar radiation within the
wavelengths range 0.1 nm - 0.8 nm which is shown
in Fig. 1, in the upper panel.
Second, data for the D-region observation
were obtained using the 23.4 kHz VLF signal emit-
ted by the DHO transmitter located in Rhauderfehn
(Germany) and recorded by the receiver at the Insti-
tute of Physics in Belgrade (Serbia). The ionospheric
perturbations were detected as amplitude Arec and
phase Prec variations of the considered VLF signal
recorded by the AWESOME (Atmospheric Weather
Electromagnetic System for Observation Modelling
and Education) VLF receiver (Cohen et al. 2010)
(Fig. 1, two middle panels). The DHO transmitter
was chosen because it provides the strongest signal
received in Belgrade which propagates along a rel-
atively short path (the entire path of around 1300
km is over Europe i.e. it is not transoceanic) allow-
ing us to assume a practically uniformly stratified
space within the observational time period which is
important for applied modeling.
Third, we calculate the mean TEC related to
the considered area using data available on the web-
site http://www.bath.ac.uk/elec-eng/invert/iono/rti.html.
These data are determined from the GPS (Global
Positioning System e.i. US GNSS) measurement
and MIDAS (Multi-Instrument Data Analysis Sys-
tem) tomographic algorithm (Mitchell and Spencer
2003). The working range covers an area stretch-
ing from the northwest encompassing Rhauderfehn
(Germany) to the southeast and including the area
of Belgrade (Serbia).
3. D-REGION MODELLING
Modeling the signal propagation requires
knowledge of the electron density dependence on
space and time. In this paper, the electron density
during an X-ray flare is determined by a procedure
given in Grubor et al. (2008) and used in many
other papers (see for example Zˇigman et al. 2007,
Kolarski et al. 2011, Nina et al. 2011, 2012a,b).
This procedure is based on matching the observed
VLF signal data, amplitude ∆Arec and phase ∆Prec
changes, with corresponding results of simulations
∆Asim and ∆Psim of the VLF signal propagation us-
ing the Long-Wave Propagation Capability (LWPC)
numerical model developed by the Naval Ocean Sys-
tems Center (NOSC), San Diego, USA (Ferguson
1998). The registered amplitude ∆Arec and phase
∆Prec changes are determined with respect to corre-
sponding values in unperturbed conditions. In our
case they are 25.6 dB and 16.2◦ respectively as seen
in Fig. 1, two middle panels. As to the simulated
values of amplitude and phase, they are obtained us-
ing Wait’s model of the horizontally stratified iono-
sphere (Wait and Spies 1964) which is incorporated
in the LWPC numerical model of the VLF/LF signal
propagation, and is characterized by two indepen-
dent parameters: the ”sharpness” β and the signal
reflection height H ′. These parameters are the in-
puts for the LWPC program which then computes
Asim(β,H
′) and Psim(β,H
′) i.e. their corresponding
changes ∆Asim(β,H
′) and ∆Psim(β,H
′) as output
values. Finally, the parameters β and H ′ are deter-
mined from the condition of best fitting the experi-
mental data with their numerical counterparts:
∆Asim(β,H
′) ≈ ∆Arec(t),
∆Psim(β,H
′) ≈ ∆Prec(t). (1)
According to the above relation Eq. (1), the ob-
tained pairs of Wait’s parameters are time dependent
β = β(t) and H ′ = H ′(t) as presented in Fig. 1 (the
bottom panel) for the considered case. The electron
density now follows from Wait’s equation as:
Ne(h, t) = 1.43 · 10
13e−β(t)H
′(t)e(β(t)−β0)h, (2)
where Ne in m
−3, H ′(t) and h are in km, β is in
km−1 and β0 = 0.15 km
−1. The general expression
of TECD:
TECD(t) =
∫ ht
hb
Ne(h, t)dh (3)
has the following dimensional form (in m−2) if Eq.(2)
is taken into account:
TECD(t) = 1.43 · 10
16e−β(t)H
′(t)
∫ ht
hb
e(β(t)−β0)hdh
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= 1000
Ne(ht, t)−Ne(hb, t)
β(t)− β0
, (4)
where hb = 60 km and ht = 90 km are the bottom
and upper D-region boundary, respectively.
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Fig. 1. Time dependencies of the X radiation inten-
sity registered by the GOES-14 satellite in the wave-
length domain between 0.1 and 0.8 nm (top panel),
signal amplitude and phase (middle panel) registered
by the AWESOME receiver located in Belgrade (Ser-
bia), and the calculated Wait’s parameters (bottom
panel) during the presence of the solar X-flare on
May 5, 2010 (Nina and Cˇadezˇ 2014).
Relative contribution of TECD(t) to TEC(t)
can now be defined as:
rD(t) =
TECD(t)
TEC(t)
. (5)
Finally, to analyse fractional contributions
of particular sublayers of the D-region in TECD
changes we calculate ∆TECDi for the i-th sublayer
and obtain analogously to Eq. (4):
∆TECDi(t) = 1000
Ne(hi+1, t)−Ne(hi, t)
β(t) − β0
(6)
where:
hi = hb + (i− 1)δh, i=1,...,imax (7)
is the height of the lower boundary of the i-th sub-
layer, imax = 15 is the total number of considered
sublayers taken with equal thickness δh = 2 km so
that ht = hb + imaxδh.
4. RESULTS AND DISCUSSION
As we said in the Introduction, the two main
issues of this study are the analyses of the temporal
evolution of TECD characteristics during a solar X-
ray flare affecting the Earth’s atmosphere, and the
maximum X-ray intensity influence on TECD.
4.1. Time evolution of TECD characteristics
To study the temporal evolution of TECD we
used data extracted from the DHO VLF signal regis-
tered by the AWESOME receiver system in Belgrade
at the time of the solar X-ray flare influence on the
ionosphere that occurred on May 5, 2010, and ap-
plied the procedures explained in Section 3 to calcu-
late relevant quantities. This event represents a case
of a clear response of the D-region to the consid-
ered perturbation alone as no other possible source
of intensive disturbance was noticeable at the time
(see signal reactions in Fig. 1). For this reason this
event was also treated in our earlier papers (Nina
and Cˇadezˇ 2014, Nina et al. 2015b). In addition,
this flare is not too intensive (class C8.8) and, as it
will be shown in the analysis presented in the sec-
ond part of this investigation, it can produce smaller
considered changes in TECD than events followed by
larger intensities. So this analysis is also related to
examination of the need for inclusion of the low iono-
sphere in modeling small TEC changes. This is im-
portant for practical application because X-ray flares
of class C (X-ray emission in 0.1 nm - 0.8 nm with
maximum intensity of 10−6 W/m2 - 10−5 W/m2) are
more frequent than those of classes M and X (X-ray
emission in 0.1 nm - 0.8 nm with maximum intensity
of 10−5 W/m2 - 10−4 W/m2 and above 10−4 W/m2,
respectively). This is visible during the entire so-
lar cycle period. For example, the GOES satellite
recorded 28 and 0 events of C and M class solar X-
ray flares, respectively, in 2009 (the solar cycle min-
imum), while the corresponding numbers were 1797
and 207 in 2014 (the solar cycle maximum).
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Fig. 2. Surface plot of log(N∗e (t, h)) as a function
of time t and altitude h during the considered so-
lar X-ray flares where N∗e = Ne/N
0
e , where N
0
e = 1
m−3.
As we can see from Eq. (3), determination of
TECD requires knowledge of the electron density dis-
tribution with altitude. So, we first applied Wait’s
equation Eq. (2) with a set of Wait’s parameters
β and H ′ (Fig. 1, the bottom panel) calculated by
the established methodology described in Section 3.
The altitude and temporal dependence of the result-
ing modeled electron density Ne(h, t) is shown in Fig.
2. Here it can be seen that the most pronounced elec-
tron density variation with height occurs at the time
of the electron density maximum around 11:54 UT
when it rises by three orders of magnitude, and that
the maximum increase relative to the initial value
is obtained at 90 km (by more than factor 250).
These properties of the electron concentration yield
TECD: its time evolution and its internal vertical
structure arising from individual horizontal layers as
illustrated in Figs. 3 and 4.
The time evolution of TECD obtained from
Eq. (4) and presented in Fig. 3 (upper panel)
shows that it increases from 0.0017 TECU to
0.2302 TECU (1 TECU = 1016 m−2) rising by
a factor 136. At the same time, the corre-
sponding data for TEC obtained from the web
(http://www.bath.ac.uk/elec-eng/invert/iono/rti.html,
see Section 2) show its rise from 5.74245 at 11:45 UT
(before the flare) to 6.04857 at 12:00 UT which is
several minutes after the maximum perturbation of
the D-region due to the rather coarse time resolu-
tion of 15 min used in TEC data collection. In spite
of this, it is now obvious that TEC increases per-
centually significantly less than TECD (see Table 1)
which is clearly visible in Fig. 2, the bottom panel,
showing the contribution of TECD to TEC given by
rD = TECD/TEC which rises from 0.03% to a maxi-
mum of not less than 1.5% (such an estimate results
from the available time sampling of TEC data which
is much coarser than in the case of TECD) within
the same time interval.
Table 1. TECD, TEC and rD during the D-region
disturbances.
t (UT) TECD (TECU) TEC (TECU) rD
11:45 0.00165 5.74245 0.02868
12:00 0.09191 6.04857 1.51959
12:15 0.00612 5.51302 0.11107
12:30 0.00221 6.98893 0.03157
12:45 0.0018 6.21602 0.029
Fig. 3. Time evolutions of TECD (upper panel)
and its contribution to TEC (bottom panel) during
the considered solar X-ray flare.
To analyse contributions to TECD coming
from different heights within the D-region, e.g. to in-
vestigate the influence of the considered solar flare X-
radiation on different parts of the D-region, we divide
it into horizontal layers of equal thickness ∆h = 2
km and calculate the related time dependence for
the partial ∆TECDi(t) for 60 km < h < 90 km. Fig.
4 shows that changes are more intensive at the top
of the D-region which is in agreement with Fig. 2 for
the electron density dependence.
However, the perturbation variations with al-
titude are seen more clearly by looking at relative
increases of ∆TECDi(t) with respect to some sta-
tionary value for unperturbed conditions ∆TECDi0:
r∆i (t) =
∆TECDi(t)−∆TECDi0
∆TECDi0
(8)
where ∆TECDi0 is obtained from Eq. (4) using
characteristic Wait’s parameters for the unperturbed
5
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ionosphere, according to Grubor et al. 2008. Fig.
5 shows that r(t) varies substantially with height h
only during the period of the most intense D-region
plasma perturbations when they reach two orders of
magnitude.
Fig. 4. Time evolution of ∆TECD in layers (of
thickness of 2 km) located at altitudes 60 km, 70 km,
80 km, and 88 km during the considered solar X-ray
flare.
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Fig. 5. Surface plot of relative changes of
∆TECD(t, h) with respect to relevant values related
to unperturbed conditions as a function of time t and
altitude h given by Eq. (8) during the considered so-
lar X-ray flare.
4.2. TECD characteristics at the X-ray inten-
sity maximum
In investigations of the TECD dependence on
maximal intensities of flares radiations Imax we used
statistical analyses for different flare events from
Thompson et al. 2005 and Grubor et al. 2008. The
calculation of TECD at the maximum X-ray inten-
sity is based on Wait’s parameters β and H ′ for the
analysed events. We first fit these parameters by ex-
pressions:
β(Imax) = C1 + C2log(I
∗
max) + C3log(I
∗
max)
2 (9)
and
H ′(Imax) = D1 +D2log(I
∗
max) (10)
(as shown in Fig. 6) where I∗max = Imax/I0, I0 = 1
W/m−2 and coefficients C1, C2, C3, D1, D2 are given
in Table 2. These fits are then used in calculations of
Ne and TECD following the procedure from Section
3. The obtained dependencies of TECD on Imax for
flare classes C and M are given in Fig. 7 showing
a significant increase in TECD with Imax. Keeping
in mined that these values are significantly larger
than those for the unperturbed ionosphere we used
them as changes of TECD induced by the solar X-
ray flare at its intensity maximum. For the C class
flares TECD ranges between about 0.01 TECU and
0.1 TECU at the considered time, and it reaches sev-
eral TECU for the M class flares which affects the
propagation of electromagnetic waves and becomes
very important for practical use of GNSS signals in
different measurements. In this figure it can also be
noticed that data from Thompson et al. (2005) yield
larger TECD than data from Grubor et al. (2008).
Such a difference is expected because the former data
are related to the lower latitude D-region where the
local ionizing solar radiation is stronger resulting in
a larger local TECD in comparison with the middle
latitude D-region where the local radiation is weaker.
Table 2. Fitted coefficients used in Eqs. (9) and
(10).
Data source Grubor et al. (2008) Thomson et al. (2005)
C1 0.3872 0.4916
C2 -0.0841 -0.0385
C3 -0.0154 -0.0095
D1 48.02 42.12
D2 -3.7381 -4.8976
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Fig. 6. Wait’s parameters at the times of maxima
in solar X-ray flares given in Grubor et al. (2008)
(filled squares) and Thomson et al. (2005) (open cir-
cles) as a function of I∗max = Imax/I0, where I0 = 1
W/m2. Relevant fitted curves expressed by Eqs. (9)
and (10) are shown as solid and dashed lines for the
first and second initial data sets, respectively.
Fig. 7. Dependencies of TECD in the times of X-
ray intensity maxima of C and M classes flare events
calculated from data given in Grubor et al. (2008)
(solid line) and Thomson et al. (2005) (dash line) as
a function of I∗max = Imax/I0, where I0 = 1 W/m
2.
5. CONCLUSIONS
In this paper we investigate the D-region elec-
tron content changes induced by solar X-ray flares.
The presented analysis consists of two parts:
• First, we analyse time evolutions of TECD
and its contribution to TEC as well as con-
tributions of different layers of the horizontal
D-region parts during a chosen flare distur-
bation. The method of the study is based
on data obtained from the DHO VLF sig-
nal emitted in Germany and collected by
the VLF receiver located in Serbia. We also
used data for the TEC given on the website
http://www.bath.ac.uk/elec-eng/invert/iono/rti.html.
• Second, we analyse the influence of flare inten-
sity on changes in TECD and its contribution
in TEC variations applying our technique to
a number of different events using their data
from literature.
To summarize, the obtained results show:
(i) TECD can increase by more than two orders of
magnitude (in the considered case of intensive
flare it increased from 0.0017 TECU to 0.2302
TECU which is equivalent to an increase by a
factor of 136).
(ii) The relative increase of ∆TECD with respect
to its initial values is the most pronounced
during the perturbation maximum in the D-
region plasma when that reaches two orders
of magnitude in the considered case.
(iii) Variations of the TECD contribution in TEC
are significantly larger during the maximum
perturbation with respect to the unperturbed
condition. In the considered case, it increases
from 0.03% to more then 1.5% at several min-
utes after the perturbation maximum
(iv) A significant increase of TECD with Imax
is seen at the time of the maximum in X-
radiation intensity, I = Imax for different
flares. The values obtained using LWPC nu-
merical model for propagation VLF/LF radio
waves based on Wait’s model of ionosphere
indicate that TECD takes values from 0.01
TECU to 0.1 TECU for the class C flares
at considered time, while they reach several
TECU in the case of the class M flares.
From these conclusions we can see that ioniza-
tion variations in the D-region induced by solar X-
ray flares become important in modeling the GNSS
signal propagations and its practical applications in
measurements during flare activity. The influence of
flares significantly increases with Imax and it can not
be neglected especially in accurate measurements like
those in geodesy.
Finally, we want to point out that the present
study opens numerous questions related to the D-
region influence on effective ionospheric effects on
7
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GNSS signal propagations during intensive pertur-
bations induced by solar X-ray flares.
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UDK ...
Originalni nuqni rad
Jedan od najznaqajnijih parametara
plazme koji takoe ima i xiroku praktiqnu
primenu u beжiqnim satelickim telekomu-
nikacijama je tzv. ukupni sarжaj elektrona
(eng. total electron content - TEC) koji pred-
stavǉa ukupan broj elektrona u zadanoj cilin-
driqnoj zapremini jediniqnog popreqnog pre-
seka. Najvei doprinos TES-u daje F-oblast
zbog velike elektronske gustine dok relativno
slabo jonizovana plazma u D-oblasti (60 km -
90 km iznad povrxine Zemǉe) se qesto sma-
tra kao zanemarǉiv uzroqnik perturbacija
elektromagnetnog signala. Meutim, tr-
nutni intenzivni procesi, kao oni induko-
vani Sunqevim erupcijama u X -podruqju, mogu
uzrokovati relativni porast elektronske gus-
tine koji je srazmerno znatno vei u D-
oblasti nego na veim visinama. Zbog toga
se ne moжe unapred iskǉuqiti D-oblast u
prouqavaǌima jonosferskog uticaja na propa-
gacije elektromagnetnih signala emitovanih
sa satelita. Ovde razmatramo taj problem
koji, do sada, nije dovoǉno obraen u lit-
eraturi. Dobijeni rezultati su bazirani
na podacima prikupǉenim posmatraǌem D-
oblasti radio talasima vrlo niskih frekven-
cija i proraqunima TES-a iz analiza sig-
nala u Globalnom Navigacionom Satelitckom
Sistemu (GNSS). Rezultati koje smo dobili
pokazuju vidǉive varijacije u elektronskom
sadrжaju u D-oblasti (TECD) tokom Sunqe-
vih erupcija u X -podruqju kada udeo TECD
u TES moжe dostii i nekoliko procenata a
koji se ne mogu zanemariti u praktiqnim pri-
menama kao xto su, recimo, procedure glob-
alnog satelickog pozicioniraǌa.
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